The heavy metal cadmium (Cd) and benzo (a) pyrene (B[a]P) are ubiquitous in the environment, which are representative of inorganic and organic pollutants. Heavy metals and PAHs can enter the farmland system through the settlement way of atmospheric dust emissions and industrial emissions, oil, chemical fertilizers, irrigation, sewage sludge, coal combustion, and vehicle exhaust [1, 2] . They have adverse effects on not only crop growth and development, but also on threatening human and animal health through the food chain. Pol. J. Environ. Stud. Vol. 24, No. 1 (2015), 157-163 
decreased pigment content is that PAHs could hinder plant roots to absorb nutrients and water from the polluted soil, and lead to a decrease in pigment synthesis capacity [10] .
There was a lot of research about the harm of cadmium on plants, which focused on the effects of plant growth and cell division, photosynthesis, stomatal function, enzyme activity, water relations, ion leakage, hormone metabolism, and so on [11] [12] [13] [14] [15] . The photosynthesis is the material basis of plant growth and yield formation, and there was a lot of research about the effect of cadmium on photosynthesis. Cadmium has a greater inhibitory effect on photosynthesis, but the inhibited reason has been controversial [16] [17] [18] . The inhibition of net photosynthetic rate and transpiration of clover, alfalfa, and soybean under cadmium stress are a linear relationship that suggests that the photosynthetic rate was mainly due to stomatal closure [19] [20] [21] [22] . Cadmium leading to a decrease of net photosynthetic rate was due to stomatal resistance and mesophyll cells increasing CO 2 diffusion resistance [23] . Cadmium reduced PSII activity and photosynthesis mainly by suppressing its photosynthetic pigment content [24] [25] [26] . The reduction of photosynthesis is not consistent due to the different plant species, cadmium concentrations, and growth environment.
The chlorophyll fluorescence kinetics parameters contained important information about the process of photosynthesis, such as light energy absorption and transformation, energy transmission and distribution, reactivity, excess energy dissipation, and photoinhibition of photosynthesis and light-damaged state. Chlorophyll fluorescence parameters play a unique role in the detection of adverse effects on photosynthesis, can reflect the intrinsic photosynthetic characteristics, and are regarded as the internal probe to study the relationship between photosynthesis and the environment. In the resistant physiology, crop breeding and cultivation, plant ecology, chlorophyll fluorescence parameters have been widely used [27] [28] [29] [30] . However, up to now no report about the effects of co-exposure to cadmium and B[a]P on photosynthesis and chlorophyll fluorescence in plants has been presented. In an attempt to study cadmium and B[a]P interactions on a species realistically subjected to potential metal and PAH exposures, we have chosen wheat as a test species. Wheat is one of the main food crops in China, and cadmium and B[a]P are common contaminants in industrialized areas where sewage irrigation, fertilizer application, and city gas result in stunted growth and yield reduction. For such a reason, the present work intends to explore the mechanisms of heavy metals and PAH interaction, employing cadmium and B[a]P as model xenobiotics. The present study aims at the effects and responses of cadmium and B[a]P on the photosynthetic characteristics and chlorophyll fluorescence in leaves of wheat seedlings of both single and combined pollution condition, attempts to reveal the non photochemical quenching parameters and the light energy distribution and the photochemical quenching of low PSII function, reveals the photosynthetic mechanism of physiological response mechanism of cadmium and B[a]P of wheat leaves, and provides the theoretical basis for food safety production and physiological mechanism interpretation of heavy metals and PAH pollution. 
Materials and Methods

Plant Materials and Growth Conditions
Chlorophyll Pigment Measurements
Chlorophyll pigments were soaked using 0.05 g of fresh material in 5 ml of 80% aqueous acetone. After filtering, 1 ml of the suspension was diluted with a further 2 ml of acetone and chlorophyll a (Chl a) and b (Chl b) contents were determined with a spectrophotometer using two wavelengths (663 and 645 nm). Concentrations of pigments (µg·g·fwt -1 ) were obtained through calculation.
Gas Exchange Parameters
Net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductivity (Gs), and intracellular CO 2 concen-tration (Ci) were measured in clear morning from 8:30 to 11:30 a.m. using LI-6400 photosynthetic measurement systems (LI-COR, Lincoln, NE, USA) with the air temperature, relative humidity, CO 2 concentration, and light intensity inside the leaf chamber controlled at 25ºC, 55%, 370 µmol CO 2 ·mol -1 , and 800 µmol·m 3) The actual quantum yield of PSII electron transport in the light-adapted state, Φ PSII =(Fm′-Fs)/Fm′
Statistical Analysis
All data were statistically analyzed by ANOVA using SPSS software package (SPSS version 18.0 for Windows, Chicago, IL, USA). ANOVA was performed to assess the main effect of each factor and their interactions. Means were separated by Duncan's multiple range test at 5% significance level.
Results
Effect of Cadmium and B[a]P on Chlorophyll
Pigments Content The various treatments were significant difference (p<0.05).
The combined stress has the greatest inhibitory effect on chlorophyll synthesis than cadmium and B[a]P stress.
Effect of Cadmium and B[a]P on Gas Exchange Parameters
Cadmium, B[a]P, and their combination (Cd+B[a]P) reduced Pn, Gs, Tr, and Ci over control treatment. Compared to the control, the reductions under cadmium treatment of Pn, Gs, and Tr were 18%, 37%, and 33% after 11-d exposure, the reductions under B[a]P treatment 12%, 13%, and 15%, and the reductions under combination stress 61%, 72%, and 67% (Figs. 2 A, B, C) . Pn, Gs, and Tr under combination stress were lower than those under single stress. Compared to the control, the reductions of Ci under cadmium, B[a]P, and Cd + B[a]P were 9%, 4%, and 9% after 11-d exposure (Fig. 2 D) . Compared to the control, the increases of WUE under cadmium, B[a]P, and Cd + B[a]P were 23%, 3%, and 19% after 11-d exposure (Fig. 2 E) .
Effect of Cadmium and B[a]P on Chlorophyll
Fluorescence Parameters
In comparison with the control, the reductions of Fv/Fm under cadmium treatment, B[a]P treatment, and combination stress treatment were 13%, 6%, and 24% after 11 days (Fig. 3 A) . Compared to the control, the increases of Φ PSII under cadmium treatment, B[a]P treatment and combination stress treatment were 20%, 9%, and 23% after 11 days (Fig. 3 B) . Compared to the control, the reductions of q P under cadmium treatment, B[a]P treatment, and combination stress treatment were 4%, 2%, and 7% after 11 days (Fig. 3 C) . In comparison with the control, the increments of q N under cadmium treatment, B[a]P treatment, and combination stress treatment were 59%, 49%, and 81% after 11 days (Fig. 3 D) . The difference of combined stress and three treatments was significant (p<0.05). Cadmium and B[a]P have an inhibition effect on Fv/Fm and q P , and combined stress is the most significant.
Discussion
Joint effects of pollutants may be similar (additive) or stronger (synergistic, more than additive), or weaker (antagonistic, less than additive) than expected effects from separate exposure. The effect of combined pollution depends on the constituents of the mixture and may vary significantly [31, 32] .
Chlorophyll content is considered an indicator of damages to the photosynthetic system induced by environmental stressors [33, 34] . Our results showed that combined stress has the greatest inhibitory effect on chlorophyll synthesis than cadmium and B[a]P stress. Cadmium, B[a]P, and combination stress decreased chlorophyll contents. It is stated that hydrophobic pollutants such as PAHs interact with lipophilic compounds of cytoplasmatic membranes of microorganisms [35] . This could cause changes in the membrane structure and might alter the permeability of the membranes. Therefore, we assume that PAHs may enhance the toxicity of the metals because they can penetrate into the perforated cells more easily. In our experimental conditions, Cd + B[a]P elicited a more marked response than single cadmium and B[a]P, and therefore it is likely that synergistic effects may depend on the relative toxicity level of cadmium and B[a]P doses. Combined with the marked reduction in the Chl a/b ratio, this indicates that Chl a is more affected than Chl b. The reduction of chlorophyll contents indicates that cadmium and B[a]P hinder chlorophyll accumulation, and Chl a/b ratio under the cadmium and B[a]P stress is mainly to prevent the accumulation of Chl b.
Photosynthesis, as an important physiological process in plants, is the basis of the growth and development of plants, and was used as a bioindicator of early stress [36, 37] . Chlorophyll fluorescence emitted by higher plants can reflect photosynthetic activities in a complex manner [38] , and it is widely used for analyzing the photosynthesis and related mechanisms in plants under biotic or abiotic stress [39, 40] . In this study a significant decrease of Pn was The inhibition of photosynthesis seems to occur indirectly either through chlorophyll reduction or as a result of decreased stomatal conductance, as has been reported earlier [42] . Fv/Fm is the frequently used indicator of photoinhibition of PSII in response to stresses [43, 44] . We observed that Fv/Fm is decreased significantly under cadmium, B[a]P and combination stress. The change of q N in chloroplast energy state is very sensitive, and this change is influenced by many factors, such as the environmental stress factor leading to stomatal closure, blocking the electron flow from CO 2 to O 2 , and causing PSII energy conversion rate. Therefore, the q N has been proved to be the most sensitive parameter for early detection of stress. Our results show that under the stress of Cd and B[a]P, q N light response trends in contrast with q P (Fig. 3 C, D) . This showed under the stress of Cd and B[a]P, wheat seedlings avoid damaging photosynthesis systems by increasing heat dissipation. The results demonstrated that the photoreaction agency was injured, whereas the photo-protective capacity was increased. In a review recently issued by Gogolev and Wilke [45] , it is stated that hydrophobic pollutants such as PAHs interact with lipophilic compounds of cytoplasmatic membranes of microorganisms.
Conclusion
In the present study it is certified that both cadmium and B[a]P had inhibitory effects on the chlorophyll pigments, gas exchange parameters, and chlorophyll fluorescence parameters of wheat seedlings. The toxicity of combined stress to chlorophyll pigments, gas exchange parameters, and chlorophyll fluorescence parameters is stronger than the toxicity of single cadmium or B[a]P, while cadmium had stronger toxic effects than B[a]P. The experimental data indicated that the toxicity of combined stress was higher than single cadmium and single B[a]P. Moreover, the variations in these physiological indexes of wheat could be considered as good biomarkers of serious stress by HM and PAHs in the environment.
